An X-band radar system was deployed in Santa Clara, CA from February through May 2016 to support the National Weather Service in the event of potential flooding during one of the largest El Niños on record and to provide a better understanding of rainfall processes occurring in the Bay Area. The system was also used to provide high-quality precipitation estimation (quantitative precipitation estimation-QPE) for Santa Clara's urban hydrologic modeling system. Although the Bay Area has coverage from the Next-Generation Weather Radar (NEXRAD) operational radar network, the combination of topographic influences and proximity to a maritime environment provide unique QPE challenges in this urban region. The X-band radar provided high-quality rainfall estimates that performed better than NEXRAD, demonstrating the added value of the X-band system. High-resolution rainfall monitoring systems in urban regions also provide a host of benefits across different sectors of the economy, including flood damage mitigation, water quality, water supply, and transportation.
Introduction
The San Francisco Bay Area (hereafter referred to as Bay Area) is home to over seven million people, the second largest urban region in California, and the fifth largest population center in the U.S. This region also supports one of the most prosperous economiesto public safety, costly flood damage to infrastructure, negative impacts to water quality (e.g., combined sewer overflows), and major disruptions in transportation. Indeed, a recent report by the State of California's Department of Water Resources has emphasized that the Bay Area is at risk of catastrophic flooding (California Department of Water Resources 2013). Johnson et al. (2015) quantified the benefits associated with improved monitoring and prediction of rainfall for various sectors of the economy in the Bay Area, including flood mitigation, water supply, ecosystem services, recreation, water quality, and transportation (see also Fig. 1 ). Using available data in the Bay Area, the benefits of an integrated system of high-resolution radars and forecasting tools were estimated to exceed costs by a factor of five on an annual basis (Johnson et al. 2015) . It was concluded that the largest portion of the benefits was associated with flood damage mitigation.
Mitigation of the negative impacts associated with heavy rainfall events requires accurate precipitation monitoring (quantitative precipitation estimation-QPE) and prediction to provide forecasters with sufficient understanding of rapidly changing conditions, allowing them to issue appropriate watches and warnings to authorities and the general public. In the Bay Area, the proximity to terrain and maritime conditions as well as the siting of Weather Surveillance Radars-1988 Doppler (WSR-88DP), also known as NextGeneration Weather Radar (NEXRAD), are all challenges in providing accurate, short-term near-surface rainfall estimates. Moreover, there is little to no radar coverage "upstream" over the ocean to monitor approaching storms (Westrick et al. 1999 ).
An example of the challenges of NEXRAD radar coverage for QPE over the Bay Area occurred during San Francisco's highest recorded 1-day (24 h) rainfall total on November 5, 1994. The actual rainfall recorded by the official National Weather Service (NWS) rain gauge was 140.7 mm, whereas NEXRAD recorded less than 13 mm (Reynolds 1995) . In the past, NWS has relied on commercial TV radar to help fill in the gaps from NEXRAD to provide improved situational awareness of incoming events. However, these radars are not always available when needed, and their calibration and maintenance are not sufficient so that they cannot be relied upon for accurate QPE.
In response to the El Niño conditions and the timing of the Super Bowl event, NOAA's Physical Sciences Division (PSD) in partnership with the Cooperative Institute for Research in the Atmosphere (CIRA) deployed a dual-polarization X-band (wavelength ~ 3 cm) radar to the region to augment NEXRAD coverage and aid in monitoring precipitation for local forecasters and water managers as well as to better understand precipitation processes occurring in this region. This paper describes the radar deployment, methodology for rainfall estimation, distribution of products to end users, and QPE comparisons with NEXRAD demonstrating the added value of the radar system to monitoring rainfall amounts and patterns in the Bay Area urban environment, as well as the impact of the improved rainfall estimation on different sectors of the economy. Section 2 provides an overview of rainfall processes and necessary conditions for flooding in the Bay Area region. Section 3 describes Trans -Port 6% Trans -Air 3% Fig. 1 . Characterization of benefits across various economic sectors for an integrated system of high-resolution radars and forecasting tools in the Bay Area (from Johnson et al. 2015) .
deployment of the X-band system and generation of rainfall products. Rainfall estimation and the evaluation of QPE procedures are addressed in Section 4. A summary of the results is described in Section 5.
Synoptic environment and QPE challenges
The Bay Area precipitation climatology, as represented by the NWS Mission Dolores rain gauge in downtown San Francisco (gauge ID 047772), receives about 540 mm of annual precipitation. The precipitation falls predominantly in the cool season as rain, mostly in the five-month period between November and March, and is associated with land-falling extratropical cyclones. These cyclones are synoptic-scale and are responsible for replenishing water supply to reservoirs across California and other western states. However, the moisture associated with these systems can also bring heavy rainfall and flooding to the west coast regions, including the Bay Area.
Rainfall characteristics
A number of studies have examined rainfall characteristics in the central California coastal region. White et al. (2003) analyzed airborne radar and vertically pointing precipitation profiler (S-PROF) data during the California Land-Falling Jets (CALJET; Ralph et al. 1998 ) experiment to show the importance of nonbright band (NBB) rain to total rainfall. NBB rain is described as a shallow collision-coalescence rainfall process where ice microphysics does not play a dominant role. White et al. found that approximately 35 % of the total rainfall was associated with NBB rain 1 . Wind direction and terrain forcing were found to be the primary mechanisms responsible for NBB rain. White et al. (2003) further showed that NBB rain can occur both pre and post cold frontal passage and documented NBB rain rates that can exceed 20 mm h −1 . This study also showed that NBB rain may preferentially occur in shallow stably stratified flow. Matrosov et al. (2014) studied rainfall characteristics in the Russian River basin, just north of the Bay Area, and reiterated the importance of NBB rain in terms of the overall contribution to rainfall.
To further demonstrate the variability of microphysical characteristics and resulting QPE challenges, raindrop size distribution (DSD) data collected by two NOAA PSD Parsivel disdrometers during the storm season in 2015 were used to derive the median volume diameter of raindrops (i.e., D 0 ) and the normalized intercept parameter (i.e., N w ) of the commonly used gamma DSD model (Ulbrich 1983) . The disdrometers were deployed in the Russian River watershed: one in Santa Rosa, CA (STR: 122.8022°W, 38.5155°N) over the valley and another at Middletown (MDT: 122.7112°W, 38.7457°N) located in the mountains near the eastern boundary of the watershed (see Fig. 2 ). The distance between the two disdrometers is 27 km. The elevation of STR and MDT is 32 m above mean sea level (MSL) and 981 m above MSL, respectively. The sampling resolution of both disdrometers was 2 min. Figure 3 shows the distribution of D 0 and N w observed by these two disdrometers during the precipitation events in January-February 2015. In this twomonth period, there were about 107 rainy hours. Figure 3 shows different DSD characteristics at these sites. In particular, more small drops (< 0.5 mm) and large drops (> 2 mm) are observed at MDT, whereas more moderate drops (between 0.5 and 2 mm) are observed at STR. Consistent with D 0 , the N w plots (Fig. 3b) show a broader distribution of intercept parameter values sampled at MDT, likely due to multiple rainfall processes, compared with the more uniform distribution sampled at STR. The complex DSD characteristics at MDT likely reflect a combination of rainfall processes including bright band rain with robust ice processes and subsequent melting and NBB rain dominated by collision-coalescence below the melting level resulting from orographic enhancement. The results are in agreement with those of Martner et al. (2008) , who studied rainfall characteristics in a nearby region using vertically pointing radar data. The differences in DSD characteristics over relatively short distances emphasize the challenge of providing accurate QPE in this complex terrain region.
Heavy rainfall and flooding events in the Bay
Area A number of studies have examined the ingredients responsible for heavy rainfall and flooding events in the Bay Area and other parts of California. Ralph et al. (2003 Ralph et al. ( , 2006 showed that flooding was often associated with moisture transport within the warm sector of land-falling extra-tropical cyclones. This meridional water vapor transport often occurs in narrow regions and is commonly referred to as an atmospheric river (AR). Ralph et al. (2003) examined an AR event sampled during CALJET that produced significant flooding in the coastal Santa Cruz Mountains south of the Bay Area. They showed that orographic enhancement and wind direction were key factors determining the extent of heavy rain and resulting fl ooding impacts. Slight changes in wind direction were shown to produce large changes in rainfall and fl ooding response. Ralph et al. (2006) cited the importance of ARs in producing fl ooding in the Russian River basin. All the events examined in the Ralph et al. study between 1997 and were associated with ARs. Neiman et al. (2008) used a combination of satellite-and ground-based data and showed that, at least in California, ARs produce twice as much precipitation as all other storms. The ARs in the Neiman et al. (2008) study were associated with anomalous warm conditions, consistent with the predominant occurrence of these features in the pre-frontal warm sector of the extra-tropical cyclone. This study also showed that, in California, ARs can increase snow water equivalent (SWE) in the fall-winter seasons and decrease SWE in the spring.
Recent work has shown that ARs can stall as they move onshore, leading to prolonged rainfall and flooding. A study by Blier et al. (2005) described a heavy rainfall event that flooded portions of San Francisco in 2004 associated with a cold front within a land-falling extra-tropical cyclone that stalled over the region. A rain gauge network operated by the City of San Francisco's Public Utility Commission (PUC) showed that over 38 mm of rain fell within a 30 min period associated with the passage of a narrow cold frontal rainband. The Blier et al. (2005) study documented large precipitation gradients associated with the event that were not well captured in the observations, even with the PUC rain gauge network. Neiman et al. (2016) has shown that mesoscale frontal waves forming along the cold frontal boundary of land-falling extra-tropical cyclones can lead to prolonged periods of AR conditions, enhancing the risk of flooding.
Analysis of PUC rain gauge data for storms occurring during the period October 2004 through March 2005 characterized the variability of rainfall amounts between gauges for a number of rainfall events in the City of San Francisco. Figure 4 shows the coefficient of variability (ratio of the standard deviation to the mean) of hourly rainfall amounts for a winter rainfall season in San Francisco. The gauge data show that rainfall amounts are highly variable from gauge to gauge, especially for the lower hourly accumulations. These low rain intensities (< 2.5 mm h −1 ) can be impactful in the City given the highly impervious landscape. The results in Fig. 4 indicate that the PUC gauge network alone cannot adequately resolve the rainfall patterns across the City during many rainfall events. Westrick et al. (1999) reviewed issues related to the density of the NEXRAD network and minimum scanning elevation angle in many flood-prone watersheds along the west coast of the U.S. The Bay Area is covered by two NEXRADs: KMUX and KDAX (see Fig. 2 ). However, KMUX is located in the Santa Cruz Mountains at an elevation of over 1000 m compared with the Bay Area urban region which is near sea level. KMUX is also more than 70 km from portions of the Bay Area, including the City of San Francisco. The resulting beam height (~ 2.1 km AGL) and width (> 1 km) are such that this radar cannot be relied upon to accurately resolve precipitation patterns at the urban scale. The KDAX NEXRAD is closer to sea level but is located near Davis, CA, over 80 km from the closest portions of the Bay Area. The KDAX radar beam is also partially blocked at low beam elevation angles.
NEXRAD coverage and impacts on QPE
Shortcomings in weather coverage over the offshore region near San Francisco were examined by NOAA using a combination of ground-based and aircraft measurements collected during the late 1990s and early 2000s (Reynolds 1995; White et al. 2003; Matrosov et al. 2005) . The shallow NBB rain identified in the White et al. (2003) study was shown to occur below the scanning level of the KMUX NEXRAD. Matrosov et al. (2005) used transportable X-band radar measurements to observe precipitation at low levels that are often missed by NEXRAD. The X-band QPE was focused on the region just offshore and "upstream" of the City of San Francisco and provided detailed precipitation mapping near the surface. Similar to the White et al. study, the Matrosov et al. study showed the importance of shallow rainfall in the region and emphasized that the NEXRAD radar often overshoots or is blocked from detecting these low-level rainfall events. These studies emphasize that, for the Bay Area, radar sampling and analysis strategies tailored to the unique aspects of the urban environment are required.
X-band deployment and generation of realtime products
In early February of 2016, an X-band dual-polarization radar (hereafter referred to as the XSCV radar) was deployed in Santa Clara Valley at the south end ), the residual CV is ~ 40 %.
of the Bay Area. The deployment of this high-resolution radar was a pilot study to evaluate the benefit of improved precipitation monitoring in this region and was a collaboration between NOAA's PSD, CIRA at Colorado State University (CSU), and the Santa Clara Valley Water District (SCVWD). The XSCV radar system specifications and base data products are listed in Table 1. Table 1 also shows the key specifications of a typical NEXRAD system for comparison. Targeted to serve the Super Bowl event, SCVWD officials, NOAA, and CSU crews worked together to have the radar installed and running a few days before the Super Bowl. The radar remained in place through early May 2016 before it was removed. Figure 5a shows the XSCV radar location (latitude: 37.3989°N; longitude: −121.8334°W), its coverage domain, and its location relative to the KMUX radar. Figure 5a also indicates the rain gauge stations managed by SCVWD. In this study, the rain gauge data are used for cross comparison with the radar-rainfall estimates. The XSCV radar was mounted and placed on the roof of the ozone building at the Penitencia Water Treatment Plant (see Fig. 5b ), which is one of the water treatment plants operated by SCVWD in the Santa Clara region. This location provided an unobstructed view of most of the Santa Clara/San Jose urban region, including the Super Bowl stadium. Figure 6 shows the dataflow architecture of the XSCV radar during operation. The radar's servers were housed at the Penitencia Water Treatment Plant. Through Internet and Local Data Manager 2 protocols, the radar data were streamed in real time to CSU and NOAA PSD 60 m 40 km 90 seconds Z, Z dr , V, W, NCP, φ dp , K dp , ρ hv , and Rain Rate for data visualization and real-time analysis. The realtime display was available for NOAA PSD, NWS, SCVWD, as well as XSCV radar scientists and engineers at http://xscv.colostate.edu/.
In addition, the X-band XSCV radar was in operation during the height of the 2015 -2016 El Niño season, and it served as part of the NOAA PSD-led El Niño Rapid Response fi eld campaign (Dole et al. 2017) .
During the pilot study, the XSCV radar was set up to conduct effective scanning to ensure high temporal and spatial resolution rainfall products. In particular, 2° and 3° elevation plan position indicator (PPI) sector scans were confi gured with an update period of 90 s (scan speed ~ 12° s −1 ). The PPI sectors were from 130° to 310° in azimuth angle. This sector region was selected primarily based on the orography and population distribution. In particular, this confi guration allowed for coverage of most of the densely populated urban regions and commercial districts in the valley southwest of the radar while avoiding the mountain areas northeast of the radar. The latter was desirable in order to reduce the latency and computational complexity caused by signal processing for ground clutter removal. Figure 7 illustrates the 2° beam heights above MSL as a function of range from the radar for both the S-band KMUX radar and the X-band XSCV radar. The dashed line "A" at 1.1 km height in Fig. 7 corresponds to the altitude of the KMUX radar site, whereas "B" at 0.14 km height represents the altitude of the XSCV radar. The beamwidths of the KMUX and XSCV radar are 0.95° and 1.4°, respectively. Here it should be noted that the 40 km coverage range in Fig. 7 is used only for illustration purposes. In reality, the coverage range of the KMUX NEXRAD radar is 230 km. Figure 7 shows that, even in the south end of the Bay Area, most of the lower part (< 2 km) of the atmosphere cannot be sampled by KMUX, and the densely populated San Jose/Santa Clara valley is not well observed due to the high altitude of the KMUX radar site. As a result, high-quality high-resolution rainfall mapping over the valley, especially for the shallow NBB rain scenarios, is challenging. This has been confi rmed by previous studies showing that commonly used NEXRAD-based rainfall products often underestimate rainfall in the Bay Area (Matrosov et al. 2014; Willie et al. 2017) .
Compared with the scan strategy adopted by NEXRAD (i.e., a repeated volume scan every 5 -6 min), the XSCV radar provided higher resolution precipitation information for use in weather forecasts and assisting the water district in their ability to monitor rainfall and streamfl ow. During the pilot study, the real-time data from 2° scans were used for deriving instantaneous rainfall rate and various rainfall accumulation products. Spatially, the XSCV radar range gate was 60 m. Temporally, the 2° scan update rate was 90 s. For the sake of easy interpretation and for SCVWD's hydrologic applications, the real-time rainfall rates on radar polar coordinates were mapped onto Cartesian grids with a spatial resolution of 250 m × 250 m. This is the resolution used for aggregating running accumulations of rainfall over different time periods, as described below. The real-time rainfall products, stored in ASCII format, were streamed from the radar server to SCVWD (see Fig. 6 ) to serve as input to SCVWD's hydrologic model. The rainfall algorithm developed for XSCV radar, as well as the evaluation of various rainfall products, is detailed in the following section.
Rainfall algorithm for XSCV radar and performance evaluation
4.1 K dp -based rainfall relation High-resolution rainfall mapping was one of the main drivers for the deployment of the XSCV X-band dual-polarization radar. It is well known that various rainfall algorithms can be derived based on dualpolarization radar measurements, including reflectivity (Z h ), differential reflectivity (Z dr ), and the specific differential propagation phase (K dp ) (Cifelli and Chandrasekar 2010) . Each rainfall relation has its own advantages and disadvantages, which are attributable to radar operating frequencies and different rain microphysical regimes (Bringi and Chandrasekar 2001; Cifelli et al. 2011) .
At the X-band, the K dp -based rainfall relation, R = aK b dp , is the only estimator not affected by attenuation (Bringi and Chandrasekar 2001) . Chandrasekar et al. (2012) have demonstrated the outstanding performance of R (K dp ) for rainfall estimation through a five-year validation study in southwestern Oklahoma. Similarly, Chen and Chandrasekar (2015a) showed the excellent performance of R (K dp ) in a relatively flat urban environment. Therefore, we used exclusively the K dp -based rainfall relation for XSCV radar during this pilot study. In this paper, the methodology proposed by Lim et al. (2014) is implemented to derive the specific parametric form of R (K dp ). This methodology is essentially based on the comparison of rain microphysical signatures between dual-polarization radar observations and simulated DSD data (Lim et al. 2014). The XSCV radar R (K dp ) relation is obtained as R K dp = 20 0 65
. ,
where K dp is in ° km −1 and R is the instantaneous rainfall rate in mm h −1
. Figures 8a -d shows consecutive snapshots of the R (K dp )-based rainfall rate from the X-band XSCV radar on March 6, 2016, at 90 s intervals: 00:01:00 UTC, 00:02:30 UTC, 00:04:00 UTC, and 00:05:30 UTC, respectively. The instantaneous rainfall rates are derived based on 2° PPI sweeps. With the frequently updated rainfall rate field, running accumulations of rainfall at different time scales are produced in real time, including 15 min, 30 min, 45 min, 60 min, 3 h, and 6 h rainfall amounts. Figure 9 shows sample realtime rainfall accumulation products from the X-band XSCV radar on March 6, 2016. The running accumulations of rainfall are also updated every 90 s.
Quantitative evaluation of rainfall products
A number of strong winter storms developed in the Bay Area in the late winter-early spring of 2016 after a dry February. In this paper, the storm event that occurred on March 5 -7, 2016, was selected in order to demonstrate the rainfall performance of the X-band dual-polarization XSCV radar. This event was associated with an AR (see Fig. 10 ) and was well observed passing over the XSCV radar domain. Although this event was characterized mostly by scattered showers and moderate rain rates, the rain was long-lasting, resulting in a major concern of flash flooding. The NWS issued a Flash Flood Watch for the entire Bay Area starting at 22:00 UTC, March 5 and lasting until 06:00 UTC, March 6. Another Flash Flood Watch was issued for the entire Bay Area from 02:00 UTC until 12:00 UTC, March 7. Power outages occurred in some parts of the Peninsula on the west side of the Bay. Widespread stratiform rain moved into the XSCV radar coverage domain around 00 UTC on March 6, 2016, and lasted many hours before it dissipated around 14:00 UTC. Therefore, the XSCV radar data collected during this period are used for QPE evaluation.
To evaluate the performance of rainfall products from the XSCV radar, rainfall records from a network of tipping-bucket rain gauges were used for cross comparison. The gauge network, managed and maintained by SCVWD, consisted of 46 gauge stations. The gauge locations are shown in Fig. 5a . In particular, 30 gauge sites are deployed under the XSCV radar scan domain, which are used for radar rainfall evaluation in this paper. At each gauge station, rainfall data are archived based on the ALERT (Automated Local Evaluation in Real Time) transmission system. Spatially, the rain gauges provide rainfall measurements at point locations. Temporally, each time 1 mm of rainfall occurs, the information is transmitted to the base station and the data are stored to the nearest second. The rainfall data are then accumulated in 15 min intervals with a resolution of 1 mm. Hence, for the sake of comparison, the estimated XSCV radar rainfall rates (updated every 90 s) within a 15 min window corresponding to the gauge rainfall observation time are used to produce matched radar rainfall amounts. The XSCV grid products at the gauge locations were selected to create radar-gauge rainfall pairs for quantitative evaluation. In addition, 30, 45, and 60 min rainfall accumulations were computed based on the 15 min rainfall estimates from the gauges and XSCV radar. Figure 11 shows an example cross comparison of rainfall from the XSCV radar and rain gauge 2065 on March 6, 2016. It can be seen that rainfall estimates from the XSCV radar agree well with the gauge observations at all accumulation times. The largest differences occur in the 15 min accumulation time series (Fig. 11a) and reflect the relatively coarse resolution of the gauge (1 mm) combined with the occurrence of low rain intensities. The comparisons at other gauge locations are not shown because they show essentially similar results.
For quantitative comparison of the radar and gauge estimates, a number of metrics were computed, including normalized bias (NB), normalized mean absolute error (NMAE ), and Pearson correlation coefficient (CORR), respectively defined as follows:
where NB, NMAE, and CORR are unitless, R R and R G denote rainfall accumulations from the radar and rain gauge, respectively, and the angle brackets represent a sample average. The overall scores based on the rainfall estimates at 30 gauge locations are listed in Table 2 . These scores show improvement over previous studies from NEXRAD-based QPE in the Bay Area characterized by complex terrain (e.g., Matrosov et al. 2014; Willie et al. 2017) .
It should be emphasized that the rain gauge data are used only for reference to assess relative QPE performance and are not assumed to be "ground truth". Based on personal communication with SCVWD staff, the rain gauge network is well maintained; however, a detailed analysis of gauge error characteristics was not performed. We further note that the error scores in Table 2 relative to previous X-band studies may be affected by the coarse resolution (1 mm) of the gauge data as noted above, especially at short rainfall integration time intervals during light to moderate rain when it may take too long for the gauge to tip. The interested reader is referred to Chen and Chandrasekar 
Cross comparison with NEXRAD-based products
For a side-by-side peer comparison, the rainfall products generated by the NWS for the S-band KMUX NEXRAD radar (both single-and dual-polarization products), as well as the radar-only-based products from the Multi-Radar Multi-Sensor (MRMS) system, are also included in this validation study to place the results in context with operationally available QPE. The NWS single-polarization rainfall algorithm (NEXRAD SP) is presented in Fulton et al. (1998) , and the dual-polarization rainfall algorithm (NEXRAD DP) is described in Giangrande and Ryzhkov (2008) . Both algorithms generate hourly rainfall accumulations on a polar grid centered at the radar and are available from the National Climatic Data Center. The MRMS system, developed by the National Severe Storms Laboratory (Zhang et al. 2011) , also produces hourly rainfall data, but at 1 km × 1 km Cartesian grids. The MRMS radar-only product is used in order to directly compare with XSCV. In this section, the hourly rainfall products based on NEXRAD SP, DP, and MRMS at each gauge location from 00:00 to 13:00 UTC, March 6, 2016, are used for quantitative evaluation. Figure 12a illustrates the hourly rainfall at the top of every hour from 00:00 to 13:00 UTC, March 6, 2016, at the location of gauge 1511 (37.3075°N, −121.9950°W), and Fig. 12b shows the rainfall accumulations based on the hourly rainfall estimates in (a). The XSCV radar agrees very well with the gauge rainfall observations. The NEXRAD SP, DP, and MRMS products are underestimating rainfall for this particular event. The overall evaluation scores based on hourly rainfall estimates at the 30 validation gauge locations are shown in Fig. 13 . Among the various rainfall products, the XSCV radar-based estimates have the best performance in terms of NB, NMAE, and CORR. The evaluation statistics for the rainfall products at shorter integration time scales are not included because they are not available from either the NEXRAD SP and DP or MRMS.
Comparisons of hourly rainfall were explored in more detail to better understand the behavior of the different rainfall products over the spectrum of rainfall intensities. The probability distributions of the hourly rainfall estimates are shown in Fig. 14a . With the exception of the lowest rainfall intensities, XSCV matches the gauge rainfall distribution remarkably well. Note that the highest hourly rainfall rates are not even detected by either the NEXRAD SP and DP or MRMS products. The peak hourly rainfall estimates from the NEXRAD-based algorithms, XSCV, and the validation gauges are shown in Fig. 14b . Again, the XSCV-based product has the best performance in terms of identifying the peak rainfall values. Although infrequent, the high rain intensity results shown in Fig. 14 are extremely important for urban flash flood applications.
To further demonstrate the advantages of high-resolution rainfall products from the X-band XSCV radar, rainfall totals during this 13 h period are computed under the XSCV radar coverage domain. The 13 h rainfall accumulations from XSCV radar, MRMS, and another commonly used NWS operational system (i.e., the Multi-Sensor Precipitation Estimator-MPE; Lawrence et al. 2003) are shown in Fig. 15 . The MPE system, which is widely used by NWS River Forecast Centers, produces hourly rainfall estimates at the Hydrologic Rainfall Analysis Project resolution, about 4 km × 4 km. Figure 15 illustrates two important points about the XSCV vs MPE or MRMS QPE estimates. First, XSCV shows significantly more accumulated precipitation than either of the NEXRAD-based QPEs. This is especially true in the higher terrain southwest of the San Jose-Santa Clara urban region.
The differences may reflect a contribution of shallow were generated using only radar data; no gauge bias correction was applied. Figs. 11, 12) . Second, compared with either MRMS or MPE NEXRAD-based systems, the XSCV radar is able to capture much more detail about the precipitation pattern due to its high resolution. For urban applications, especially highly localized flash flooding, such high-resolution rainfall products are essential for accurate hydrologic prediction.
Summary
This study described the deployment of an X-band radar in the Bay Area during the winter and spring of 2016. The radar was deployed in response to the strong El Niño conditions coinciding with the hosting of the NFL Super Bowl in the region. The radar also provided a unique pilot study opportunity to examine the benefits of enhanced radar coverage in this region. The radar provided real-time updates of rainfall occurring in the Santa Clara region at the south part of the Bay, which were used by both the NWS and the SCVWD. The radar was deployed to augment NEXRAD coverage and to better understand rainfall processes occurring in the region. The X-band operated at high resolution compared with NEXRAD, providing 90 s updates with 250 m spatial resolution. Although Santa Clara and most of the Bay Area are within the coverage of NEXRAD, the Bay Area is located near sea level, well below the elevation of the KMUX NEXRAD radar site (~ 1000 m). As such, NEXRAD often misses low-level rainfall in the region. The accuracy of the X-band rainfall estimates was better in comparison to an ALERT rain gauge network operated by the City of Santa Clara. The radar performed better than NEXRAD, especially at the high-end rain rates that are critical for accurate flooding prediction.
This study highlights the importance of high-resolution radar measurements in the urban environment where the hydrologic response time (time to concentration) is relatively short. Improved situational awareness and high-quality QPE provided by the X-band can help inform forecasters of urban flash flood threats and water managers of potential water quality issues resulting from a particular rainfall event. Recent studies have demonstrated the benefits of advanced precipitation monitoring in selected urban regions, including the Bay Area. In particular, a network of X-band radars, sited around San Francisco Bay, could augment the existing NEXRAD coverage with high-resolution QPE and short-term forecasts and provide a host of benefits across a number of economic sectors, including flood damage mitigation, water quality, and transportation.
